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We present a brief report on a thought experiment in which an incident energetic parton traverses a brick of quark-gluon plasma (QGP), see Ref. [1] for the full report. We calculate the probability of detecting a parton showing up at a large angle with respect to its initial direction due to scattering with the constituents of QGP, using leading order perturbative QCD. We include all relevant channels, including the Rutherford-like channel as considered in early works, and those that are not Rutherford-like but become important at a large angle. The resulting probability distributions contain information about the short distance structure of QGP. Our results provide key theoretical input toward finding the scatterers within the QGP liquid, which in turn is the necessary first step toward using precise, high-statistics, suitably differential measurements of jet modification in heavy ion collisions to study the evolution of the properties of QGP with changing resolution scale. Figure 1 : The set-up of the thought experiment that we analyze. We shoot an incident parton of "type" C (type meaning gluon or quark or antiquark) with energy p in through a "brick" of QGP with temperature T and thickness L. An outgoing parton of type A with energy p is detected at an angle θ relative to the direction of the incident parton. We shall calculate the probability distribution of p and θ for a given p in .
Introduction
The past decade has seen significant progress on understanding the behavior of quark-gluon plasma (QGP) at length scales longer than its inverse temperature 1/T (and consequently longer than its Debye length). Seen at this resolution, quarks and gluons behave collectively in QGP and form a "near perfect" liquid. When seen at high resolution, on short length scales quarks and gluons in QGP should look like weakly interacting quasi-particles because QCD is asymptotically free. Understanding the evolution of the properties of QGP as a function of resolution scale is one of the important goals of heavy-ion collision experiments for the coming years [2] .
Energetic parton showers are produced in the same collision as the droplet of QGP itself, and resolve the short distance structure and inner workings of QGP. New and more precise jet data are anticipated in the 2020s, at RHIC from a state-of-the-art jet detector, called sPHENIX, and at the LHC from higher luminosity running. Extracting quantitative information about short-distance structures of QGP from high precision data requires sophisticated modeling. In Ref. [1] , we provide a key theoretical input for future phenomenological analysis. This development has also provided useful guidance on what sorts of observables experimentalists should aim to measure.
In Ref. [1] , we set up a thought experiment as illustrated in Fig. 1 . We "shoot" an energetic quark or gluon of energy p in through a static "brick" of QGP of thickness L at a constant temperature T . We use a very simplified model of QGP, viewing this "brick" just as a cloud of noninteracting massless quarks and gluons, which we refer to as medium partons. Due to the scattering between the incident parton and the medium partons, outgoing partons would show up with energy p which can be different from p in , and with a nonzero angle θ relative to the direction of the incident parton. The object of our study is the phase space probability distribution F(p, θ ), which contains rich information about QGP. We shall focus on the behavior of F(p, θ ) at large θ . In this region, a single scattering with large energy-momentum transfer dominates. Therefore the large θ behavior of F(p, θ ) carries the information about the short distance structure of the QGP. What we provide is only an input to future phenomenology, not quantitative predictions; in future, deviations between predictions and data at varying angles will contain information about how QGP resolved at varying scales deviates from a cloud of partons.
We will perform a standard leading order perturbative QCD calculation for F(p, θ ). This is appropriate whenever the energy/momentum transfer is large. We have included all relevant binary scattering channels. For small θ , "Rutherford-like scattering" dominates [3, 4] . In our work, we consider F(p, θ ) with generic θ and p. As we shall see shortly, a new feature emerges. In this short proceeding, we will only show and briefly discuss selected results with the incident parton being a gluon, see Ref. [1] for a more comprehensive study. In Fig. 2 , we present F(p, θ ) as a function of p for three different values of θ , resulting from shooting a gluon with p in = 100T . In these plots, F is divided by the dimensionless constant κ ≡ g 4 s ∆tT so that the rescaled results neither depend on the strong coupling constant g s nor on the duration ∆t = L/c this incident gluon spends in the QGP brick. For θ = 0.1, we observe that F(p, θ ) features a peak at p ≈ p in . This is expected as an outgoing parton with a very small angle is likely to have a small energy transfer p in − p. In contrast, at both θ = 0.4 and θ = 0.8, F(p, θ ) decreases monotonically with increasing p. There are multiple layers of physics in this qualitative change in p-dependence as we increase θ . First, this is a manifestation of energy-momentum conservation. A larger θ means a larger momentum transfer in a single scattering, and such a scattering is more likely to be accompanied by a large energy transfer, which corresponds to a smaller p. Second, in this kinematic regime, outgoing partons often come from the scatterers in the QGP brick; one detects the "kickee" rather than the "kicker".
To demonstrate the latter point further, we plot the separate contributions due to detecting an outgoing gluon or an outgoing quark (or anti-quark) to F(p, θ ) in Fig. 2 . While at the smaller θ , the outgoing partons are most likely to be gluons, the same species as the incident parton, finding an outgoing quark becomes equally probable at large values of θ . Since the incident parton is a gluon, this observation convincingly demonstrates that those outgoing quarks are coming from the medium quarks struck by the incident gluon. This indicates that it is important from both qualitative and quantitative point of view to include all 2 → 2 scattering processes in large angle regime. In addition, looking at F(p, θ ) at larger values of θ can potentially tell us more information about the distribution of scatterers in the medium.
Estimates based on phenomenologically motivated inputs
In this section, we show the angle distribution P(θ ) obtained by integrating F(p, θ ) over p: P(θ ) ≡ ∞ p min d p F(p, θ ) . We will evaluate P(θ ) by picking T = 0.4 GeV as the temperature, and ∆t = 3 fm as the time that a parton spends in our brick of QGP. Since we are interested in binary Figure 3 : We plot the angle distribution P(θ ) (red solid curve) for an incident gluon. For comparison, we plot the Gaussian angle distribution due to multiple soft scattering P GA (θ ) (see text) as the dotted black curve. The ratio p min /p in = 0.4 is fixed. From left to right, the columns correspond to using p in = 100, 40, 10 GeV respectively. collisions with characteristic energy transfer which is of the order 10 GeV, we choose g s = 1.5 as the benchmark value for the strong coupling constant. By showing P(θ ) with those phenomenologically motivated inputs, we can get a sense of how large θ should be so that a single scattering is dominant over multiple scatterings. In addition, the resulting P(θ ) also give us a sense of how rarely single scattering process occur. For the sake of comparison, we will assume that when multiple scatterings become dominant, the angle distribution P GA (θ ) would correspond to a Gaussian distribution in transverse momentum p sin θ . We parametrize the width of this Gaussian distribution through its connection to the jet quenching parameterq, and pick a value ofq guided by Ref. [5] , see Ref. [1] for more details.
In Fig. 3 , we present both P(θ ) and P GA (θ ) for three different energies p in = 100, 40, 10 GeV. P(θ ) depends on the lower bound p min in the computation of P(θ ). To be specific, we fix the ratio p min /p in = 0.4 to obtain results shown in Fig. 3 . Plotting P(θ ) and P GA (θ ) together also gives us an idea on how the angle distribution may behave in a more complete calculation, where it should be dominated by single scattering as in our calculation at large enough angles but should be Gaussian at small momentum transfer. We observe that single scattering is dominant over multiple scatterings at a relatively small angle for a relatively large p in , e.g. p in = 100 GeV. However, the magnitude of P(θ ) drops very quickly with increasing θ , making it difficult to measure experimentally. The magnitude of P(θ ) can be significant in the single scattering dominant regime for p in = 10 GeV, but the corresponding energy of outgoing partons is also soft. In this case, separating the outgoing partons from the medium partons will be very challenging. The prospect is much more promising if we consider, for example, p in = 40 GeV. Here, the single scattering starts dominating over multiple scatterings at θ ≈ 0.2 and at the same time, the magnitude of P(θ ) is still sizable.
We finally show N(θ min ) in Fig. 4 , the number of hard partons scattered by an angle θ > θ min , namely N hard (θ min ) ≡ π θ min dθ ∞ p min d p F (p, θ ) . Following the proceeding discussion, we consider an incident gluon with p in = 40 GeV. Reading Fig. 4 , we see that the probability of seeing partons with energies greater than 8 GeV at angles θ > 0.5 is 1/100 and at angles θ > 0.8 is 1/1000. Although processes related to large angle scattering are rare, the relevant probabilities are not tiny, given the anticipated high statistics data sets for jets in the not too distant future. 
Summary and outlook
We have conducted the thought experiment depicted in Fig. 1 and computed the probability distribution F(p, θ ) for finding a parton subsequently with an energy p that has been scattered by an angle θ relative to the direction of the incident parton. We furthermore obtained the angle distribution P(θ ) as well as N hard (θ min ), the number of outgoing parton with angle θ > θ min . We considered binary collisions in which the incident parton strikes a single parton from the medium.
In future quantitative studies, we should replace the single incident parton considered here with a shower of energetic partons described via a jet Monte Carlo code, and replace a static brick of QGP with an expanding cooling droplet of QGP as created in heavy-ion collisions. With a realistic phenomenological simulation in place, the challenge will be to analyze jet substructure observables that can answer questions like whether jets containing a ∼ 40 GeV parton sprout an extra prong corresponding to a 8 GeV parton scattered at θ > 0.8 with probability 1/1000. Ultimately, highstatistics jet measurements together with realistic phenomenological simulations can pave the way towards learning about the microscopic structure of liquid QGP.
